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Electromagnetic  reflection  from  the  walls  of  the  vacuum  chamber  of  a satellite 
simulator  may  be  reduced  by  placing  one  or  more  grids  of  wires  having  known 
i iripedar.ces  just  inside  the  conducting  wall.  This  report,  presents  the  results 
of  a parareter  study  on  the  effpct  of  wire  spacing  and  wire  resistance  and 
inductance  on  the  frequency  dependence  of  the  reflection  coefficient  of  a well 
with  such  a grid  in  front  of  it.  This  data  should  be  useful  in  helping  to 
choose  good  values  of  the  design  parameters  of  reflection  reducing  grid  in 
satellite  simulators. 
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' NTR<  DUCT]  ON 


A general  technique  for  simulating  hie  system  generated  < let  iron. at:-  , tic 
pulse  result  from  a i exoat n spheric  nuclear  wea  >n  radiation  env 
ronment  lias  neon  riesc  ribed  iti  a previous  note  ir  this  series  | 1 1.  ! he 

general  form  tout  a simulator  would  take,  f its  design  were  based 
this  technique,  : ■-  shown  in  Fig,  J , taken  fr  n Ref.  1 1 j.  The  region 
sparse  wires  with  resistors  to  absorb  electrc  magnetic  cnei  • \ , s , 
only  symbolically  in  1-ig.  I,  is  shown  semi -realistically  in  1 ig.  i,  which 
is  also  taken  from  Ref,  1 I |.  In  this  note  we  will  >e  i;it(  rested  uni  . 1 t « 

reflection  reduction  properties  of  such  a grid.  Resonance  damping  prop- 
erties arc  ..  separate  subject  winch  has  be.  i , md  will  Uc,  ai  idi  r*-'.' 
e lsewhere  by  other  workers. 

Sinie  c-,r  sole  concern  here  is  with  reflection  reduction,  w<  arc  prm  r 
concerned  with  the  higher  frequencies  of  tin-  . lectron  ag  .etic  1st*  gener- 
ated by  the  system  under  test.  This  in  i 1 n 1 1 plies  that  tl  ■ > ■ 
o*  the  wall  of  the  vacuum  enclosure  makes  very  little  difference,  ai  d t‘  ■! 
we  can  get  a very  good  estimate  of  the  reflc  ction  reduci  . property  s o! 
any  particular  grid  by  assuming  the  wall  i • . • an  infinite  coiai  icli!. 
and  the  grid  to  he  an  infinite  period  e structure  in  front  ..f  t!  < plat  <•. 
figure  i c as.  also  be  considered  as  a repre  entation  of  a small  p ■ r t.  i < 
this  infinite  plane  structure. 

Ue  will  naic  one  lurther  basic  a s s un  i pt  i on  in  our  treatment  of  reflcc.fi  : 
reduction,  'since  the  actual  generator  ol  the  electromagnetic  pulse,  ,.e 
the  system  under  test,  will  he  rather  smell  compared  to  the  size  of  t ie 
vacuum  cham!  or,  and  since  the  vacuum  chandler  will  he  approximate!, 
spherical,  most  of  the  high  frequency  electr  m agnetic  energy  that  reaches 
the  wall  will  be  almost  normally  incident.  Accordingly,  we  will  not 
vary  the  angle  ot  incidence  in  out  paramotc  r studies;  ..11  waves  will  be 
normally  incident.  I he  assumption  of  norn  ..1  inc  idence  has  an  additional 
benefit  besides  restricting  the  parameter  study.  1 his  assumption  j r *atly 
simplifies  the  calculational  problem,  the  reason  being  that  . t normal  in- 
cidence the  coupling  between  the  perpendicular  sets  of  wires  in  the  grid 
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Fig.  1:  Scheme  of  a System  Generated  FMP  Simulator 
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becomes-  quit*  small  (disappearing  m the  tin  -f  small  wire  radi 
and  so  till  s <-  Kipling  can  he  lc-jlected.  Ai  1 .alvi  cal  demons*  ration  "1 
this  decoupl-ng  of  wi  r ••  sets  at  normal  ini  id,  : i | a It  h igh  it  s,  ,>  ]-. 

clearly  1 o the  ease  on  physical  grounds!  K,  s appeared  in  ’ he  recer* 
open  literature  [Z ' . 

\ e art  left,  then,  with  the  problem  of  calculating  the  re.  le<  t • > < « • 

efficient  >f  a plane  w.-vo  normally  incident  a.  t perlectl-,  conduct . i_ 
pi  .me  w !"-n  t1  -re  <t  t-<-  ■ -tie  < . ••  more  impedance  leaded  >.  r ilel  wire  r ds 
in  fr  mt  .-l"  ’ i e plane.  i . use  id  the  a . >ove  menti  >ned  deconpli  l , 
suffit  i ent  * • > -oiis-.de  r • -e  ele>.  trie  field  ••  the  i-.«  idrtd  v m to  • •«  1 1 - . 

to  the  wires  of  the  grids. 

One  an.  . . t* . 1 treat-.-  ent  if  the  single  resistive  rid  >r«-  U v .-  - 

li-hed  twenty  .cars  ag  liy  Wait  f 3 1-  We  will  • - tend  esi  results  to  t c 
c s e of  everal  parallel  grids  >f  arbitrary  internal  -.mpeda  nee  a-  » ••  r . i 

an  effect)  w distant  < from  the  plane  <•!  an  equivale:  ' ct  . f * r r i i.i-et  *!.<• 
case  of  . inch-  grid.  'I  hi  •»  analytical  work,  < ed  or  «t.  -ppr  >a<  sli . • 1 

difleren  ii  -n  that  of  Wait,  is  presented  ; t.  < ction  !1. 

• : ; i ..  ■ . i-  >s<  •:  t'u  i - * . i • to  pr e ent  1 > para  . er  si  d 

of  Secti  -n  111.  In  th-s  study,  we  will  vary  tin  spa  cine . rod  < s , r<  i-.o  e 
and  indue  tana  of  the  wires  tf  the  grid  ad  plot  the  reflection  « oef: : . cut 
of  the  grid-  plane  system  as  a t .net.  >n  of  frequency.  T-'n>ugh  value-:  -I 

various  '.ammeters  will  be  given  that  a good  id.  i of  what  can  I . . >•  - 

plishc-d  with  a single  grid  will  bec.ome  evident. 

n the  last  section  we  will  give-  a >ri«-f  disc  si.  : of  the  data  presented  it. 
Section  ,11. 
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i ci  !• 
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t on 
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c ture . 

VV  e wish 

l o 

. ale  u ! at 

' tract 

ion 

■ ■ i t V : « 1 cub  ; f energy  that  is  reflected,  a..  ..  f im  ti  >•  ,f  i reqio  ■ y.  «• 
[>a  ramei  < rs  <>t  tin-  problem  are  the  spacing  betwec  1 w i r « - in  . .r  n , • , 
r . di ' . s end  nr.’  cd.itii  r oi  a i ij.dividu.il  g r id  n i re,  and  the  ■ , < , tweet 

grids. 


will  I : r -t  i'U  n iate  In-  general  problem,  then  spec  talizi  ) tie  n-.  - *■ 
>t  ■ iii  g rid,  tl  eu  discuss  1 evorul  topics  having  to  do  with  th«  > inform 
sheet  appr tJvinia t i 1 a to  a single  grid,  and  1 i na  1 1 \ go  into  a lit!  Ic  it.  re 
detail  on  the  meaning  of  the  equafiu  ;■  for  tin  single  grid  ug' 

■ ■ ■ ■ L'-'L  f r p;  i r ua  n h 

i previous  noli-  1 4 j we  have  disc  .,-s'd  tin  reflectioi  ,i  , >1  • vc . v «• 

1 : 'in  N rows  i 1 dielectric  posts.  . n ! ha  I note  t h*  posts  v.  r»  • . . t.  t . 
ifd  by  an  imprd  mio  per  unit  length,  . 1 he  pr«  sent  -r  iein  \ - 

be  alnv  st  identical  to  the  previous  one  if  the  conducting  dar  < w<  re  • 
n o i d.  I he  edy  c.fference  would  i the  different  ordt  r - f :i  ag;.  , ,<Jt 
o / and  / . ibis  makes  nodillerence  to  the  algebra.  'lht.s  l‘r  m 
h < w r ol  Ref.  ' 4 | we  c an  sa  y (there  are  slight  changes  1 1 t i » a ppcn  r - 
at:  • ■ of  the  e qua  t i o a s s in  i < w < are  now  nuttiberini  t he  rows  i c k w a r . i 
from  the  origin  rather  tl  u ■ rward),  if  the  conducting  plant  were  <>t 

present  and  if  all  D s were  etpial  (this  restriction  m the  lj  • ,s  not 
n«*ce  iary,  but  it  simplifies  the  ollowing  formulae  l. 
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Fig.  3:  T he  N-Grid  problem 
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i.e.  the  wire  within  . < single  e rid  arc  eqnivalt  it,  a It  ho-  jli  f »•  r*  n * 

variations  from  iirid  to  crid.  Fhe  1’  of  i qs.  > are  defined  \ 

n 


- t Zi 


[ 1 " ^ ( V 7 )] 


2i  X ~ 


-tikD  V (rr.  <1 l“  - 1 


rri  1 V7^  m/  . i 


.Now  the  presence  of  the  conducting  plane  in  t.  < pro  den  .t  1 d « .• 
taken  into  account  by  adding  the  wave  reflect*--!  fron'i  t!.<  pi«ne  w t 
grids  present)  to  the  forcing  term  *f  !■  q*.  1,  » nd  a*  the  -jar  «•  time  .-ediiiL. 

negative  image  currents  at  the  image  posit  i >n  wit;  r«  >p«  <.  t t • the  « ot 
ducting  plane  ) of  each  e r id  wi r ( I hi  s r e its  in  t ) * re!  I •>  t ion  i > < 1 1 
cient  now-  ne.ng  given  by 


1<  - 1 * i 5 X sin  (nkl 

n 


) » 


(7  ) 


where  the  \ ire  m<w  j veil  the  solut  on  of  the*  set 
n 


li 


i 


-■-»  / i n - mi  ! kl)  i n • n * D \ 

iic  > 


- / i sin  • i k. ! 


V 


n - m ; i!  rn  / n 


i ati  o 7 and  8 i n stit  ute  the  general  for  mutation  f the  r efle  c:t  iu 
<!  invi  i rid  pruMi'm.  In  the  following  subsections  we  w ill  st  id.  .■ » t < . . r 
lases  ai  d approximations  in  order  to  net  a feeling  for  jnst  what  < * 

expected  from  s'c  h a nrid. 

I.  1-  1 In-  Si  on  1 ' i d id  Case 

I he  ma  or  simplification  wt  will  impose  in  Kqs.  8 is  that,  i:  t !.••  ;>«  . 
note,  we  will  consider  nly  the  case  where  N is  one  I his  allow  ' ■ 
write  down  reasonably  simple  explicit  solutions  a id  t<>  five  a detailfd 
study  ol  the  effect  of  wire  spacing  and  wire  impedance,  s ..  i-  a •_  rid  w i : 
also,  of  course,  be  the  easiest  to  construe!  Should  the  single  grid  re 
flection  reducer  prove  inadeejuate  for  satellite  simul.it  >rs,  .<  r*.mer..  i 
study  of  Fiqs.7  and  b could  be  performed  it  son  e later  tii  e.  It  is  elt. 
however,  th  it  the1  sngle-grid  reducer  may  c-  ;ood  enoug:.,  r it  ii  . s t 
that  the  gains  t b<  btained  fron  extra  grid  : a y n •:  : < * i 
up  for  the  additional  complexity  c the  const  r iction 

If  N is  unity,  Kq.  8 reduces  ininiediattdy  to 

X.  * 7 (l  - eZlkl>)  X,  -2i  sin  kD  ‘ ( P - P,  , X. 

w 1 2 1 2 V o 2 ' I 


- 2i  sin  kD 
ikD  , 1 


ic  1 sill  kD  - j ( 1'  - I>  ) 

w 2 ' o i.  / 


and  so 


Z sm  kl ) 

ikD  uio 
/.-if  sink  D 
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Some  s n pie  mamp  Jation.s  »f  Kq.  1 i cha  -m*  it  t » the  form 
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!ikD  ( -/elkl>  • ■ sin  kD 
| - i k p 

i / e - i sin  <11 


and  so 


, sin  kD  t 

, 2 
1 i 

- 2 

sin  k D 1 / 
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sin  kl)  • /. 

i 

co  s k D 1 

s.n1"  kD  f 

TT 

* 2 

sin  kD  (/ 

sin  kD  - . 

cos  ID) 

1 - a 

1 * TL 


where 


2/  sin  kD 
r 

2 Z 

sin  k D • / - 7 ..  s i n 2 k D 

1 

and,  from  Kqs.  4,  5,  6 and  12 
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a o 
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* ’ ' t • ' •.  i p r i ■ i e id  1 1 1 r t he  r , it  is  net  css.i  r , to  l.  i v < .i  . i ■ i < • irc(  i i 

to  t ne  quantity  we  have  designated  as  / , and  thus  t . tivi  a more  »re<  iso 

11  an  to  the  . defined  in  the  previous  s e i t i on. 

Actually,  trout  the  derivations  in  Kef.  ' 4 it  is  . iear  that  / is  tii 

w 

eda nc • per  mi t leng t h of  t he  g r id  wir e s , it.<  i ,iln  g bot  1 inte r na  1 '-id 

external  impedances  per  unit  length.  I he  external  in  eda  nee  o'  u 
wire  is  the  impedance  of  a perfectly  conducting  wir<  of  the  sarin  r.it:  us 
!i  the  wire  is  circular,  of  radius  a , this  external  impedance  is  ea  s , 1 . 
shown  to  he 

k X. 

v ext  o ,.( 1 I . . 

/.  —7—  II  tka)  (9 

w 4 o 

where  I!*  ( ka  I is  the  cylindrical  Hankel  funeti  ,n  of  ircji-r  /ero.  ( ,r  t 

size  of  wire  we  are  talking  about,  Kq,  1 r)  reduces  h 
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X t 

I he  real  part  of  X.  is  the  radiation  resistance  .er  nit  length  . i r« 

- is  independant  of  the  exact  shape  of  tin  wire's  cross  scition  tas  !■  a 
as  this  cross-section  is  small),  as  can  be  seen  by  the  little  tali  ... 
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1 • inui  uina  r \r  j»n  it  *1  / d»>c*.-  depend  t»»*«  slight  exit”  > ••  the  u<t]  <• 

w 

• i the  w i r < » itii>s  srrtion,  Ij  it  there  will  alw«  s e smin  equivah 
radius,  at.e . since  t'  • equivale-  t radius  a|>  'ears  onl  a:  an  • ■ rgnme.  1 
>t'  a in,  its  exact  v.  lee  is  fairly  unimportant 


It  is  now  clear  that  if  we  write  / as  the  sum  of  the  internal  and  - 

w 

terual  impedances,  i.e.  it 


/ in‘  zexl 

w w w 
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The  effect  of  the  discreteness  .>1  the  wires  making  up  the  grid  makes  the 
above  equations  lo  >k  a liinlc  messy.  It  would  he  nice  if  one  could  design 
a reflection  reducer  by/ssuming  it  to  be  a unitorm  sheet,  imposing  the 
fact  that  it  is  actually  /oust  rue  ted  of  a set  of  wires  be  a slight  subsequent 


adjustment  of  the  distance  of  the  w r 1 s t r ■ >i  1 1 1 1 . <•  < o:  d c 1 1 1 plane  or  , 

!■’  cnt  i ii.i  him*  in  a pa  rameter  of  1 1 . . muforti  sheet . Tii.  , rli.st.it.>  >•  ad  «t 
ment  method  proves  to  ho  possible  if  wo  restrut  ..  r attentioi  t«t  tl. ••  .>i 
iow  frequency  (small  kDl  region.  n that  case  a,  as  given  by  Kq  ! 
reduc « s to 
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I k D - / ) r /. 

1 r 


I hus  it  ;b  is  dec  reased  l>y  the  noninternal  impe  danc  e portion  of  J- , 2-1 
this  can  be  compensated  for.  to  order  M),  b rlecrea sing  kj)  ■ . > * n 
ilar  amount.  In  other  \v  rds 
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.r , since  w.  are  in  the  region  where  (d  / \ ) is  small. 
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II  D . s greater,  or  of  the  sap  e si/e,  as  d,  t tie  above  equation  rer  u « 
quite1  anu ra tel y to 
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Kquatiun  i is  the  same  as  that  derived  fi  >n  si.«t  • 
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An  oh  j ec  tiun  to  the  above  met  hod  of  < tn pe ti  sat  mi;  f >r  v r<  . ■ < r«  >-i  < -• 
i the  necessity  that  VD  !>«•  very  mi  ill.  l ur  uh  freque  uies  t 
he  very  little  i :itrgy  absorption,  a s can  h>  een  fr«»n  Kqs.  i 
The  distance  adjustment  mostly  just  correct'  the  phase  of  the  rei  <■  iti 
wave  tothat  predicted  by  a uniform  sheet  analysis. 

Perhaps  a better  way  to  go  from  a uniform  sheet  to  a set  of  vir<  s 
a.  ■ opt  the  fact  that  the  wires  inevitably  represent  an  in  1ml.  . <•  at  low 

frequen.  y . 1 he  result  of  this  acceptance  is  that  we  < an  use  n f in 

sheet  designs  by  requiring  only  d/\  to  be  small,  D/  • be i n g r«  - 
stricted.  He  design  a uniform  sheet  and  then  load  the  wires  bv  the  r< 
quired  inductance  per  unit  length  minus  the  in  iv  ndable  ind  .•  tain  e. 
from  llq.  24,  the  unavoidable  inductance  per  unit  length  is  even,  >r 
small  d / by 
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This  inductance  can  be  made  quite  small  b . c hoosing  appropriate  value's 
of  'd1  and  'a  , or  it  can  be  allowed  for  in  the  uniform  sheet  design. 

T he  condition  for  the  validity  of  I q . 30  is  that  d/7  be  small. 

i.  1 Resistive  Sheets  t. > r Minimum  Average  Reflection 
■ ...  . — ..  . — .. — 22  — 

If  resistive  sheets  can  be  fabricated  as  a set  of  resistive  wires  by  s in  e 
method  s ich  as  making  sure  d/7  is  small,  t lie v are  just  about  the  ea  . mt 
rebet  tion  reducer  to  construc  t.  1 >r  this  reason  it  behooves  us  to  find 
out  just  what  can  be  done  with  resistive  sheets. 


I 


17 


> t r 1 1 « • t i ’ r .1  r ■ i st i v p « ..«ld  be  t-  at  t minimizes  the  avern  < 

rclli  ili'l  i'.ii  V'-r  i l.iM.id  lri  '|urrn  y ImikI  1 e t us  see  what  va  ! e u i 

1 i ■ * • 1 1 1 ' i < ■ .i  i < s i ude n«*nc. ' nt  ) .i  « • -mpli  slu  1 1 1 1 s . || 

r i 

«■  r « ■ , I <|  I 4 n cb  i i s t o 
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-j  1 1 i kD  i I - i / l 

r r 

2 ‘ ~Z 

• sin  k I ) ( 1 • 2/  ) 

r r 


51  I 


1 In-  n g i hand  id«  I t n ■ ition  is  crinfin  in  ikDi.  Integrating  it 
with  respect  tn  i kl)  i t r >n  «-ro  2”  -id  d viding  by  2r  , we  >btain 


! i 2 ! 


1 lie  vi  li.i'  ul  / torwl.ii'  • expression  attains  its  minimum  is  give 
by 
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it  w hi  i i -)i  i nt 
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Hi  * 1 e-istive  .Sln-et  s lor  N*  • 1 1 1 n i ui  n Reflection  at  a Given  frequency 

Anuthf  r possible  way  >>1  designing  .t  resistive  sheet  is  to  minimize  the 
reflet  ted  energy  for  a particular  chosen  value  of  kl)  (this  nm.ht  c or- 
respond roughly  to  some  external  resonant  frequency  of  the  system  under 
test).  't  is  a simple  matter  to  find  the  minimum  of  the  right  hand  ide 

of  I- q.  51  for  sonic-  fixed  kl)  | k D).  This  minimum  o<  i urs  when 
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and  is  pan  I >v 


1 - sink  P 
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It.  i Res  stive  1 um  Is  for  Particular  Pulses 


.n  -c  . . K vce  discussed  minimi /in  u the  average  ref  Icm.  t d enerv  over 

, br-  ad  frequency  band.  I his  is  eriui  va  1<  nf  t ■ > mini n mug  the  reflc  l*  :- 
i n<  rgy  • r vcr\  s*  > r t , or  delta  fund  on,  it.  ideiit  pulses.  A more  l'ci 
eral  wa\  t > niiiun.i/c  the  reflected  < lergv  >1  somethit  mor<  definite 
is  known  about  the  incident  pulse  comes  rcndilv  *o  mind.  One  mere 
nil  mixes  the  integral  of  Ftp  jl  multiplied  t»y  the  enemy  spe'rim  .• 
the  incident  pulse  by  an  appropriate  choice  of  x^  (keeping  ti  e*  incidc  t 
ene  r l y c.  onstai.t ). 


For  example,  suppose  our  incident  pulse  is  itiven  In  ''die  , where 

l tt  is  a ui.it  step  function.  '1  hi  Fourier  transform  of  this  pulse  is  m-- 

(ii  - 1,  7)*',  and  thus  the  incident  energy  spectrum  is  proportional  to 

I ~ * 2 i.e.  to  (X  + (kD)  ) where  X (D/Tc  ).  I hus  we  must 

o o 

minimise  the-  ratio  of  integrals 


.37) 


lht-  integral  in  the  denominator  of  Ftp  3 i1  is  trivial,  while  the  one  in  the 
numerator  can  he  split  into  one  that  is  the  same  as  the  denominator  and 
a tabulated  integral  (fb],  p.  44<>,  No.  3.813.2).  'I  lie  result,  after  alge- 
braic simplification  is  that 

4 x.  1 

x2n  t 1 ) * 3/  T + T 

r r 
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will'  !'e 


1 tanh  X . 
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Minin 1 1 in,.  1 with  respect  to  / w < find  tl  .it  t'u  appropriate  ,•  lut  «( 

•/  ii  .iven  by 

r 


40 1 


. r at  '.he  tr.i  imum  t is  given  by 
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2 + 3 
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bv  numerical  evaluati  *n  it  ran  be  shown  that  t is  less  than  ">  a 

nun 

lone  as  X t*  D.'c)  is  greater  than  ■08'+. 

o 

II.  II  Resistive  Sheets  at  i ■ >w  }■  riun  em  y 

R ef  le  1 1 1 on  reducing  sheets  an  not  he  1 1 1 1 m h at  vc  r v low  f r eq  ■ .en<  . . In 

reflection  coefficients  of  any  finite  number  ■ I resistive  sheets  in  r > i . I >1 
a pert  tl  v conducting  plane  must  approach  unity  as  the  frequent  v ap- 
proathe  ero.  Nevertheless,  liecause  tlu  expected  incident  p dsc  ha  - 
a significant  low  energy  content,  one  sin  uld  trv  to  bring  the  refle  ction 
coefficit  l down  from  unit,  as  rapidly  as  possible  vcith  incre-as  nu  Irt  - 
qtict  cy.  A way  to  partiallv  achieve  this  with  resistive  sheets  can  be 
from  the  low  frequency  expansion  . 1 Kq.  ( 3 1 > , which  is 
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? ■ t / will 
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d'ort  a. a 1 1 . \ 

t*  , . 1 1 1 . 

d rops.  1 his 

i i i r i'.i  . ■ t he  . i t ,i  1 (i  i :u'!  ra  ‘ i 
I in  s i pawl  fwi  ;v  raisiiiK  ,l-' 
kind  of  minin  mi . l or  K *'  i s 
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value  I ; 

Liven  t. . 
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I r >m  t hi  s w > -te  if  vse  restrict  > i r >-  • lv  • ( . . r r si  st  i vc  s he.  • - a < 

have  eithei  fast  drop-off  to  a fair ii  hij  /alue  . R . : ■ airl 

si  v.  drop-olf  to  a vt  r • low  v.i  lue  o'  R , and  tin  - some  «.  nrtipron  >e 
i:  ust  be  made.  Another  k • nd  of  pr  i < e on.  .in  pa  \ I -r  a fast  initial  dr  ■> 
off  i s disi  . ssed  ii  .-a 1 . T. 

• ■ ' t ve  - 1<  ■ Slslivi-  'll  - 1 J e s i i>  1 1 Sheets 


Ati'thei  -o- siidi  w.  . of  des  iviiint;  in  pedai.  e - e.ts  i-  t create  a orn- 
tde  t e null  in  the  re  t lent  ion  coeff i c lei  f for  son  e pa  r i « nla  r f r ecpie : i •,  tor 
which,  tor  am  rear  n,  we  expect  a treat  deal  of  th«  it:  in  t erieri;.  t •> 
a t >1.1  cut  rated.  I hi  s can  be  accompli:- bed  i >\  inductive  - r • i sti  ve  sheet 
to  be  fabri.  ated  by  inserting  st  r ies  inductive  elements  it  resist.-.  <•  wire 
if  the  iriturtl  voli  es  of  k 1 ) i s bet  ween  ~ iZ  and  **. 


do  iiet<  rmine  the  appropriate  sheet  irr.pedat  e let  us  see  wb.it  values  >f 

/ and  / will  make  the  h >>t  I n.  It.  equal  to  unity  for  k k . i .r 
r l o 

these  values  of  rt  and  k,  1<|  li  can  be  rewritten  as 

sir  k I -t  / 1 - 2/  sin  k D < o.s  k D - Zv  sin^  k D 0 

o r i i ci  o r o 

or,  rearranpiru:  the  terms,  as 
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2 , 2 , 2 
1/  - mi.  k i)i  • ( j - sin  k |)  ios  k 1)1 

i)  i o ii 
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! »th  terms  • -I  tin  a .•  >ve  .it.  n are  nor -nc.  «t  i v« 
•>  tfi.li.it  wen  l m cssiirilv  i.,  u 
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We  ha\  i i 't»  ‘-f  • .i  tii  i variation  of  e " , making  tin  i • a lar.ee  * i 

i i i.  n ta  i L.itive.  !■  i r 7 t«*  a-  Hn  . ti  vi  and  for  I > t .*  ; . 

l o 

tr , v,  ti*  the  t st  pr  pi  for  a ill  to  i i< ar  e i 


i . ! if . : • . l t ! c : o wires , of  \ a ii.es  H a nd  1 w r t . • r : ■ . 2 ‘ . 

V.  a 

d4  . cl  4 ; , . r tie  sn  all  d ' \ impli . it  in  t lie  sheet  a s si  :n  ption ), 
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• ■ i.  est  va  1 u<  R . d I , the  e<  a t i on  fox  3 . . 1 written. 

w w 


2 2 2 4 

0.  i2  sin  kD  sin  k(P)/(sin  k I > • sin  k P • s 


sink  I")  cos^  k I ) 
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sin  1 I)  ios  k p sin  P cos  kPi  4o) 
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from  wind’  R tan  if  writtci  as 
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° / \*o 


sin  k D cos  k D - sin  kD  ■ os  kD^ 
<>  o I 


cos  k D - sin  k P .os  k D 
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1 hi  h e n lor  H is  plotted  versus  I)  1 }•  i l 4 lor  several  . i • ■ r- 

of  I ) -i-*  that  !>  ' I D 2rt  |.  I lie  most  strik  mg  thine  about  i . « i «. 

° / 1 

*!'.,«  t tiii-  : . i r t we  1 v e P tow  a rrl  r.  the  -h.-r:.*-r  «t  nr!  deria-r  t ..  . 1 ! 

o Z 

! . ei  i >n  e s . e :u:;ilc  rrsislivi'  sheet  ii.is  ,i  i 1 i.ral  1 all  w ..t  ;i  I 

O 

I ! ii  w try  i » civ'-ifi  this  nat  .ra!  null  position  iy  reactiv*  1 >ad. t i • • 

less  e ’ ' e ■ t v i tile  - ‘ eet  is  i a u r • >a  d - ba  lid  seise.  'it  v<  rt  nclt  s , lie  - c * 

au  lysis  i nr| : , . ; ■ a (|  . i e k v. . . v >t  ad  : st : i . ! i ur.pred-  cted  ;>»  a’r  - tee  , ■ . - 

c.dent  radiatioi  me  the  trid  struct  ire  is  in  place.  Inis  is  especial:,  tr  • » 

•■i.-ce  the  exact  valt.e  ot  R i s not  t • *o  < r : 1 1 < a 1.  Tins  car  be  s>«  e:  from  1 ir.  : . 

w 

where  t S.e  val'  e of  1.  is  < »s  e : a t c or  d inn  ' ■ I',.  24,  1 .1  t i <■  '.els  >! 

\v 

lways  set  at  (7,  ■ : ' in  bi  e<  that  th<  11  thus  created  an 

o 

not  pm  selv  zer  >,  hut  t:  a;  tl  t a pproximate  n ill  ca  . s ; it  * n - m t .:  t 

It  : v ' r - , , v ■ v i i I i lo  s i i el  id  In  11 

w 

ud<  < •:  nenefit  that  tne  sh;  ter  n .11s  are  still  fa  rlv  broad 

j Cas  ■ t ltivi  i!  e s;  stive  \ 1 ill  - l)e  s , g II  Pc-  is 

" i create  a null  t r k D less  tha:  " L,  a sht  et  made  ill)  • ■ esi.-’  . ele- 

O 

I I erts  i • parallel  with  capacitive  elements  is  me  ;>  ■ 1 * 

because,  rewriting  the  equation  for  n in  terms  if  sheet  ••  ttai  • • •.  e 

Z n Kl)  v 
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1 ; y sin^  kD  + 2 v sir.  kD  cos  kD 


and  fri  this,  it  is  ••  la-  unity  at  1 , we  m ist  save 
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o r i o o 
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fr  -in  which  u loll  \vs  easily  that 


( cot  k D sin  kD  - ' os  VOt" 

K ° 


4 sin1”  kD  c°k  k D sin  kD  - > is  J<  D j 


t i )) 


1 he  pi'  ts  of  I n.  c versus  D/'  for  D/X  less  that  — arc  almost  exactli 

_ l 

’ike  the  It  it  half  of  Vic.  4,  if  we  reflect  about  the  !>/'■  point  aud  set 

| 4 

tiie  new  D / ■ equal  to  — minus  the  D / of  1- ie.  4.  lhus  il  we  wish  to 
o 2 i 

have  a null  at  D -025,  the  resulting  c urve  is  ver\  similar  t i the 

° 1 

D / ' • 475  curve  of  Fiu.  -1,  reflected  about  the  D/X  — point.  I In  s 

we  sc't  that  we  can  a.  hievn  deep  nulls  at  ri  oderatelv  low  frequencies,  tu  t 

that  tins  is  paul  for  in  the  narrn’vnr  s of  the  null  (and  also  in  the  si.-e  d 

tin  tapucit  rs  net  cssary,  as  tan  he  seen  Id  m Kq  53).  I he  width  of  1 he 

• . • 1 1 i - if  the  order  if  k D. 

o 

K k > pi:  1 ]•  j at_i  >i.s  for  • r.ti  iter  SI  .< 

1-  or  the  pa  i I'veral  s uhse 1 1 ion s we  ha  vc  het'ii  disc  us  s i i . n in  pedant  e « leet  s, 
.'.  th  the  n .lit  it  assumption  t ha t d is  small.  V\  e now  turn  to  a determin- 
ation <»f  lust  what  elfeit  <i  has  if  it  is  not  - > small.  1 his  is  useful  m 


2(> 


edging  t "'hat  .<  the  lin  i i I a 1 1 1 ins  o an  n ipcHamr  sheet  anal,  si: 
a > in  t li  inn,  from  a data  presentation,  ippropriate  g rid  iinpcda 
t1’.'  sight  iud  judgement.  I hi.s  data  presentation  s livci.  in  < • . | ' 

tins  note.  1 he  explicit  equations  used  in  the  calculation  of  this  dai„ 


- a 


+ a 


u ! . e r e 


2/-r  su/  (2r r I) / * i 


2 2 

’ in  ' 2“  D / 'i  ) - 2/..  si  i.  IZ'fD  * ) cos  i 2*r  D > I 


a nd 


1 ' d / / 

w 


4t-D  \TT 


- Id  lin  ( d / 2 t a ) - id/  > i £ 

n 1 


1 - 


n - (rl  / > I 


\ 2 . . 2 
“n  -<d>) 


1 


1 bus  tlie  parar  eter  study  is  restricted  to  ends  with  resistive  ! >ad 
only,  rhe  parameters  >f  th»  tudy  are  (d/D),  d/a  a r1  z . 
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a i id 
tic  e , 

• 1 

'*crc 


I 

VI 


hi'  following  twi  l v-«»iu  si:-  i urvc  ma  . he  divided  ii  to  in  < t 
■ threi  set.-  and  two  iT'i.ps  >t  ine  set  ••  • ..  .•?  . 

I he  fir-t  group  (Figs.  1 through  r ii.  ended  primarily  to  dcmm 
ite  the  e ! it  < t of  (d;  1 1 ) on  K ' . For  each  »f  the  three,  is  tnit 
and  d D s the  i i < - la  he  ling  parameter.  The  three  sets  are  diP. 
gui  shed  h\  difli  re;  t li/'a  values:  20,  100  and  u00. 

he  ne  . >up  of  nin  curve  set  igs.  1 through  1 ■ ; presented  I 

i vv  tht  effect  of  or  R ^ . I 1 < value  of  / is  the  curve-la  a ' 

r r 

parameter  in  each  set  1 he  nine  sits  represent  all  i • : ; . ‘ i na  t i ns  ol  1 1 r 
d a vah'es  |20,  10  , i00)  and  three  r.  1)  \ a 1 les  I. 

lhe  ni  st  group  of  nine  curve  sets  (I  igs.  Is.  0 rough  'O-  . den.  uistrate  t < 

life,  t of  r 1 a on  R land,  f«  r 'lie  i • ft  l.a  1 : >f  the  « < urves,  • a eff « • 

of  ci  a is  quite  ,m  uratilv  that  of  an  equivalent  indue  tain  e - ve  i hv 

F e . 30 ).  lhe  nine  ets  r<  present  ill  < ot  la  nations  of  three  / value.- 

r 

(•  5 , 1 , 2 ) a nd  three  d / D values  (1  , • i , • 1 ). 
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vs.  D/  1 f.7  d a - 20  ar  d d/O 


Fig.  14:  J 1 ’ vs.  D ' for  d/a  = IOC  ,.,nd 


26:  R *"  vt.  D/V  for  r.  2 and  d D 


:;f.ctio!1  i’ 


1 here  jri  several  prints  (li.it  can  mm  he  made  in  sumii.  iridnu  the  i • 
suits  1 Si  . ; f and  h,  surveying  (lie  curves  uf  Sec.  T i ' . 


i h c-  res,  1 1 vt  sin  • t the  1 


11:111111  t 


/.i  s (I  i average  refleiteci  energy 


.-.el'  a broad  band  is  the  one  that  It  a s 
ol  . , t|  of  t|  ( energy  is  reflected. 


TO 7.  With  this  vain t 


2 ■ rhe  ri  isti  e s eet  that minimize!  t < energy  in  the  reflect 

pul.-e,  it  the  inci  lent  pulse  is  given  i>y  i (t)  f l/  , is  the  one 
\v  l t 1 l 


\ y ( 1 -l 
r 2 

J re  ! rai  ' i 1 f the  energy  reflected  is 


- 2 X 


•) 


2V2  - V l - I 


2X 


2> 


2 3 Vi 


- 2X 


3. 


H 'll'  A 


■•••  *.  i i less  than  — for 

nun  3 


i)f  c ).  I is  less  th<  n — for  X greater  t(  in 

ruin  , 2 o 

greater  t Iran  i • 1 . 

\ 

i he  r>  s stive  she-  t that  n run  ize.s  the  fraction  of  energy  reflect*, 
at  give:  frequent  y , J , is  one  with 


/ sin  ( j I > / c ) 

1 o 

■ i : ■ thi  » u rgy  reflected  at  t is  then  eq  .. 


1 - sin  (j.  D/c) 

u 

1 t s i n ( c D’;  i i 
o 

( '••••  tan  increase  the  initial  drop-off  of  K at  lev  frequence  bv 
using  small  values  of  / (if  the  sheet  is  purely  resistive).  I in 
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prii  i ■ that  !<  doe  n . >t  drop  very  far,  st  t.ist. 


Ore  cm  n create*  a nuli  i i>  the  reflected  energy  at 


I j 1 « / c ) 


< ",  t.  us' i g a sheet  trade  up  of  in  inctance  a ad  res;  s 


t • ■ i n e i 


• <•  appropriate  value  s are  / 


sin  < l i)  c i 

C) 


(.*  i 


> i 1 ' : D / c ).  I he  i,  .11  rets  sharper  the  ■ I -er 

•»  o 


it  is  to r c ed  t >\  arc!  " . 


' • One  ,an  c reate  a null  n the  reflected  * ierg\  at  , it  ’ < 

o 

1 *"  ~ *-  • l>v  "sing  i sheet  made  up  of  c a pa  c itat  ■ < md 

resistance  in  parallel.  I hr  appi  ipriate  value  are  1 end 

y I ( J 1 " e*  >t  i a Di  c . 1 he  null  get  s sharper  tie  c ! > e r it  i -■ 

f ■ r c ed  t own  r ■ I ( . 


A arid  of  wires  with  d/D  < • 2 gives  energy  reflectio  c 'effi- 
cients differing  very  little  from  those  for  d D - < 1 mil  as 

y is  of  order  1 and  d/a  is  less  than  about  Si  . 

' ■ : : f wire s wit!  1 D < *5  energ  r ef lect ioi  i<  f 

< i e nt  different  from  that  tor  d/D  b\  not  much  i:  >r<  than 

it  / is  of  order  1 and  d ' a is  less  than  about  SO. 

c ■ energy  r e 1 1 e c/t i >r  curve-,  for'  — < < 2 arc*  ■ ■ r uiped  rati  r 

! 2 r 

c losely  togetl  <*r  for  1)  ‘ < — . 

i 1 1 • i u e e t f e ct  <>t  d a i a s long  as  it  i *■  less  t ban  a bout  SI/)  ■ s q u * , • 

sn  all  ii  d/D  is  less  than  about  ■ 1. 

Ail  in  all,  if  suffi.  lent  importanc  e is  given  to  sit.  plic  it.  (i.  e.  ease  of 
c.  on  s t r uc  t i on  ) t he  single* - grid  reflection  r ed  a e r c on  Id  >c  q u ii  e adequate 
f!  v.  ever , two  further  1 actors  that  om-t  be  considered  before  a final  de 
cisioi.  on  the  number  of  grids  cai  be  made  are: 

1*  U hat  we  have  done  throughout  llus  note  is  to  restrict  ourselves 
t > frequencies  high  enough  that  an  infinite  planar  grid  analysis 
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At  t ic  lower  Inc  ieix  ies, 


i .•  a ! cq  cat  r . 
i . .a  \ lu'conn  n i p'  ir  I 

it  fr  equencie  s hi 

a second  uriei  i u iM 

,L  , , . 

t-t  to  unity.  I hi  ? 

i ’er  ha  ps  D , « D ^ 

and  dost  royin_  1 iu  ] 


where  t a vi  ty  mod , da  n d n. 
jilt,  more  than  one  ^rid  ma  >i  opt  in  m. 

"i.ouun  tor  1 > to  I,,  . ■{  nicer  - , re  it  •>«  rte  nt, 

up  useful  in  <.  ittiny  out  tin-  periodi.  ret  rn  f 
i second  urid  should  ie  plai't]  so  that  D|  * \ i 

would  be  a cootl  chon  < for  noth  mode  riat.  pun. 
periodi i it’,  of  r 


H ppi  R I • (.• 
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